Binding of l 25I-insulin-like growth factor-l e25I-IGF-l ) to rat brain slices was studied after 15 min of two-vessel occlusion ischemia and 1 h to 4 days of recir culation. Ligand binding in the hippocampus increased at 6 h post ischemia in the CA l and CA 3 regions and the dentate gyrus, suggesting that the IGF-l receptors were up-regulated, while no change was seen in neocortex and striatum. Intracerebroventricular injections of IGF-l (2 Abbreviation used: IGF-l, insulin-like growth factor 1. 895 fl-g) prior to and after transient cerebral ischemia did not reduce neuronal damage. The increased up-regUlation on IGF-l receptors and the absence of neuroprotection by IGF-l suggest that the intracellular signal transduction chain activated by the IGF-I receptor may be interrupted.
After a brief period of cerebral ischemia, selec tive neuronal necrosis occurs in certain areas of the rat brain such as the hippocampal CAl region, the middle layers of the neocortex, and the striatum (Pulsinelli et aI., 1982; Smith et aI., 1984a) . Insulin like growth factor 1 (I GF-1) is important in cell growth and differentiation during development (Ai zenman and de V ellis, 1987; Shemer et al., 1987) , promotes neuronal survival (Drago et at., 1991) , and protects against hypoglycemia-induced neuronal damage in neuronal cultures in vitro (Cheng and Mattson, 1992) , Also, cerebroventricular injections of IGF-l protect against ischemic-hypoxic brain damage in the rat (Gluckman et aI., 1992) , and nerve growth factor injections protect against delayed neuronal death in the gerbil (Shigeno et aI., 1991) . Postischemic protein synthesis is persistently de pressed in vulnerable regions while transiently de-creased in ischemia-resistant areas and thus corre lates with selective neuronal vulnerability (Thil mann et al., 1986) . This depression has been proposed to cause irreversible neuronal injury (Bodsch et aI., 1985) . Following ischemia, the ac tivity of eukaryotic initiation factor 2 is depressed , suggesting that the inhibi tion of protein synthesis occurs at the initiation step. Insulin receptors stimulate protein synthesis in cultured neurons (Heidenreich and Toledo, 1989) , and IGF-l stimulates protein synthesis in nonneuronal cells (Fuller et aI., 1992) . The IGF-l receptor is a tyrosine kinase (Cahill and Perlman, 1991) , and genistein, a tyrosine kinase inhibitor, de presses neuronal protein synthesis in vitro (Hu et aI., 1993) .
The aim of this investigation was to elucidate the changes in the IGF-l receptors in the postischemic brain and to study the effect of IGF-l on neuronal damage following transient cerebral ischemia.
MATERIALS AND METHODS
All animal experiments were approved by the Regional Ethical Committee at Lund University. The model of ce-rebral ischemia used in these studies has been described in detail by Smith et al. (1984b) . Male Wi star rats were anesthetized wit 3.5% halothane in N 2 0/0 2 (2:1). During ischemia, halothane was maintained at 0.3% and muscle relaxation was achieved with vercurone bromide (Norcu rone, 10 mg/kg/h; Organon, The Netherlands). Blood gases and pH were monitored throughout the experiment. The body and skull temperatures were monitored by tem perature probes and kept at 37 ± OSC.
For the receptor binding study, rats were subjected to 15 min of two-vessel occlusion ischemia and 1,6,24,48 h or 4 days of reperfusion. The rats were decapitated, and the brains were frozen on dry ice and sectioned at 20 f-Lm.
Receptor binding was carried out according to Lesniak et al. (1991) . Binding buffer including l 251_IGF_1 with a spe cific activity of 2,000 Ci/mmol was placed onto a slide with four brain sections. The tissue sections were incu bated for 2.5-3 h at 15°C with 1251-IGF_I (0.2 ng/ml) to determine total binding or with 1251_IGF_l and unlabeled IGF-l (250 ng/ml) to determine nonspecific binding. The slides washed in ice-cold phosphate-buffered saline, dried with a stream of cold air, and exposed to 3 H-sensitive hyperfilm together with microstrips containing 1251 stan dards for 5-6 days at room temperature. Specific binding was obtained by subtracting total binding of IGF-l from nonspecific binding (200--300 fmollmg). The IGF-I (Genzyme, Cambridge, MA, U.S.A.) was neutralized with 0.1 M NaOH, and 0.5 f-Lg/f-LI was injected either 30 min before or 30 min after transient ischemia. Control rats received a solution containing 150 mM so dium acetate (pH 6.8). Four microliters was injected at a rate of 1 f-Llimin at the following coordinates: 0.8 mm cau dally, 1.5 mm laterally, and 3.5 mm ventrally (Paxinos and Watson, 1982) . All animals recovered for 7 days fol lowing ischemia, before transcardial perfusion with phos phate-buffered 4% formaldehyde. The perfusion-fixed brains were dehydrated, paraffin embedded, sectioned at 5 f-Lm, and stained according to the method described by Auer et al. (1984) . Necrotic neurons stain bright red, while intact cells stain violet. Quantification of brain dam age was done by visual counting of surviving neurons in the microscope at a magnification of 400x in the medial, mid, and lateral CA l regions, at the level 3.8-4.0 mm caudal to the bregma. Neuronal necrosis was expressed as percentage damage of the total neuronal population in the area studied.
RESULTS
IGF-l binding sites were found in all brain re gions. The specific IGF-l binding in the hippocam pus, striatum, and neocortex is shown in Fig. 1 . In hippocampus, binding was higher in the dendritic areas than in the cell body layers. Binding ofIGF-l was highest in the hippocampal CA3 region and in the dentate gyrus, where it amounted to 620-750 fmol/mg. In the neocortex, binding amounted to 500 fmol/mg and in the striatum and the CAl region to 250 and 350 fmol/mg, respectively (Fig. 1) . Two control groups were evaluated: rats decapitated 1 h or 24 h post surgery. In the statistical analysis, the 1-and 6-h recovery groups were compared with the I-h control group, while the 24-h, 48-h, and 4-day recovery groups were compared with the 24-h con trol group. At 1 h of recirculation, IGF-l binding was un changed in the brain structures studied. A signifi cant 47% increase in receptor binding was seen in the CAl region at 6 h of reperfusion, which was persistently increased up to 4 days postischemia ( Fig. O. In the CA3 region, increased binding was evident at 6 h, peaked at 24 h (reaching a 31 % in crease), then returned to control by 48 h of recircu lation. A similar pattern was seen in the ventral blade of the dentate gyrus. Receptor binding in the dorsal blade of the dentate gyrus was increased by 37% at 6 h and stayed elevated up to 4 days of recirculation. In striatum and cortex, binding was not affected by ischemia (Fig. O. Neuronal damage in the CAl region of the hippo campus following IGF-l injections is shown in Fig.  2 . IGF-l injected 30 min prior to the induction of 15 min of ischemia ( Fig. 2A) or 30 min following 10 min of ischemia (Fig. 2B ) did not affect the density of neuronal necrosis compared with the vehicle treated groups.
DISCUSSION
The distribution of IGF-l binding sites (recep tors) in sham-operated rats described in this study confirms the findings by Lesniak et ai. (1988) . In teres tingly , high levels of binding sites are present in areas relatively resistant to ischemia, for exam ple, the dentate gyrus. The increase in IGF-l bind ing at 6 and 24 h post ischemia probably reflects changes in neuronal binding sites, since prolifera tion of astrocytes in the damaged areas occurs later than 6 h post ischemia and microglial activation is evident only in the CAl region (Gehrmann et aI., 1992; Bergstedt et aI., 1993) . This increase could represent an up-regulation of the receptors and a response of the neurons to ischemia, possibly due to a decrease in synthesis of the IGF-l protein. Al ternatively, the intracellular signal transduction chain coupled to the receptors may be altered , leading to a compensatory up- Damage presented as percentage of neuronal necro sis of the total number of neurons in the medial (S1), mid (S2), and lateral (S3) CA1 region. Open circles denote rats subjected to 15 min of ischemia without treatment (n = 5); filled circles denote rates subjected to 15 min of ischemia and (a) preischemic treatment with insulin-like growth factor regulation of the receptors. The increased binding in the CAl region at 48 h and 4 days post ischemia most probably occurs on glial cells. At this time, complete neuronal degeneration is evident (Miyau chi et aI., 1989) , concomitant with a massive prolif eration of astrocytes and microglia (Bergstedt et aI., 1993) . A postischemic increase in IGF-l binding was ob served only in the hippocampus, which may reflect the particular function of IGF-l in this structure. At present, we cannot clarify whether the increase in IGF-l binding is due to changes in the Bmax or Kd• Nevertheless, we did not observe a decrease in IGF-l binding during the recovery, demonstrating that ischemic damage to the neurons is not due to a down-regulation of IGF-l receptors. Also, the de pression of postischemic protein synthesis (Wid mann et aI., 1991; Bergstedt et aI., 1993) cannot be due to a decrease in IGF-l receptors.
In the present investigation, we could not dem onstrate a protective effect of intracerebroventric ular injections of IGF-l. This is in contrast to a protective effect of IGF-l in vitro (Mattson et al., 1989; Cheng and Mattson, 1992) and following focal ischemia (Gluckman et al., 1992) . The discrepancy could be due to a more dense ischemic insult in duced by transient global ischemia. Also, it cannot be excluded that other growth factors are more im portant for cell survival and may be protective when supplemented post ischemia. An interrupted intracellular receptor-coupled reaction cascade (Hu and Wie\och, 1993) may render the neurons less responsive to IGF-l treatment.
